In this paper, we apply the advanced waveform universal filtered multi-carrier (UFMC) to a heterogeneous small-cell network, where both the inner-cell interference and the inter-cell interference are considered. By employing UFMC, a dynamic spectrum allocation scheme and a precoding scheme are proposed to mitigate the interference. The proposed UFMC based interference management schemes are analyzed in detail, and the achievable data rate of the proposed scheme is derived. Simulation results show that the proposed UFMC based schemes can efficiently mitigate the interference, and reduce the effect of frequency offsets.
the orthogonality among the subcarriers will be destroyed. In 5G and future wireless communications, the OFDM based waveform cannot satisfy all the application scenarios, and it is urgent to design an advanced waveform to meet the requirements of future wireless communications.
Many advanced waveforms have been proposed, including filter bank multi-carrier (FBMC) [9] , [10] , filtered-OFDM [11] , generalized frequency division multiplexing (GFDM) [12] , [13] , and universal filtered multicarrier (UFMC) [14] , [15] . These advanced waveforms acquire more relaxed requirements for synchronization, that is, more robust to carrier frequency mismatching than OFDM [8] , [16] . GFDM applies a prototype filter to each individual block consisting of a number of subcarriers, and the pulse shaping of the filter is circularly shifted in the time-frequency domain [13] . In filtered-OFDM, the whole OFDM signal is filtered to reduce OOB emissions and achieve better spectral containment [17] . In FBMC, each subcarrier is individually filtered, and the length of filter taps is long [8] , [9] . The subcarriers in UFMC are grouped in several subbands, and each subband is individually filtered [14] . UFMC is an intermediate scheme between filtered-OFDM and FBMC. The filter length of UFMC is shorter than that of FBMC, and UFMC is applicable to short burst transmission and delay-sensitive scenarios [18] , [19] .
UFMC based wireless communication systems have been widely investigated in recently years. UFMC was proposed and applied in the coordinated multi-point (CoMP) system to address the issue of the multiple carrier frequency offsets (CFOs) between users and base stations (BSs) [14] . The performance of UFMC was comprehensively evaluated in [18] . It was shown that UFMC can efficiently reduce OOB sidelobe levels, and is robust to time-frequency misalignment. Unlike OFDM, cyclic prefix (CP) is not needed in UFMC, and UFMC can flexibly use the non-contiguous spectrum resources by assigning different subbands with non-contiguous spectrum. Besides, UFMC can efficiently combat the frequency selective fading as OFDM. As the finite length filter is applied in each subband, the filter design is important in UFMC. An adaptive filter design scheme was proposed to improve the spectrum efficiency [15] , and the optimal filter length and zero-padding length was also investigated [20] . UFMC is a multi-carrier system, and the peak-toaverage power ratio (PAPR) of UFMC was evaluated in [21] , where a hybrid PAPR reduction method was proposed. Recently, UFMC cooperated with MIMO was also investigated [22] . The mathematical model of an MIMO-UFMC transceiver was provided for the millimeter-wave wireless communications, where hybrid analog/digital beamformers at both ends of the communication links were considered. The dense small cell deployment is a trend [23] , [24] , and inter-cell interference is an important issue in future wireless communications. However, in the research works of UFMC, only one cell wireless communication scenario was taken into account.
In this paper, we consider a heterogeneous small-cell network, where both inner-cell interference and inter-cell interference are considered. Based on UFMC, interference management schemes are proposed for the heterogenous small-cell networks. Firstly, a dynamic spectrum allocation scheme is investigated. Then, we propose a UFMC based precoding scheme for interference cancellation. Simulation results show that the proposed UFMC based schemes can efficiently mitigate the interference, and reduce the effect of frequency offsets. This paper is organized as follows. The considered system model is provided in Section II. In Section III, we propose a UFMC based dynamic spectrum allocation scheme and a UFMC based percoding scheme for interference cancellation. Simulation results are illustrated in Section IV to evaluate the proposed schemes. Finally, concluding remarks are given in Section V. Figure. 1 shows the system model of a heterogeneous small-cell networks during uplink transmissions. There are two small cells. In each small cell, there is a base station (BS) and several users. The fifth user and the sixth user in the first small cell are device to device (D2D) communication users. It can be seen from Figure. 1 that the 1-indexed users of both small cells are cell edge users.
II. SYSTEM MODEL
The frequency offset between the first user of the first small cell and the first BS is usually different from that between the first user of the second small cell and the second BS. The interference cannot be easily cancelled by OFDM based traditional schemes. Therefore, we are dedicated to study the way to mitigate the interference when the advanced waveform UFMC is applied.
Defined a transform matrix W (N ) as
where N is the size of discrete Fourier transform (DFT). The frequency offset matrix D(ε i,(l,j) , K ) is defined as
where ε i,(l,j) denotes the frequency offset between the j-th user of the l-th small cell and the i-th BS, and K is the size of the matrix D(ε i,(l,j) , K ). The initial spectrum allocation is illustrated in Figure. 2. In each subband, there are N 1 subcarriers. It is assumed that the first subband is allocated to the two 1-indexed users of two small cells and the D2D users. The second subband is allocated to the two 2-indexed users of two small cells. The third subband is allocated to the two 3-indexed users of two small cells. The fourth subband is allocated to the two 4-indexed users of two small cells. Therefore, there exists inter-cell interference and inner-cell interference. During the uplink transmission, the first BS is interfered by the first user of the second small cell, and the second BS is interfered by the first user of the first small cell. Besides, the D2D users are located in the first small cell, and the D2D user group is interfered by the users of the first small cell during the uplink transmission.
In the time domain, the received signals of the first and the second BSs are given by (2,j) , N (2,j) )s (2,j) 
where s (i,j) is the time-domain transmit signal of the j-th user in the i-th small cell; N (i,j) is the size of the transmitted signal x (i,j) ; H m,(i,j) denotes the Toeplitz channel matrix from the j-th user of the i-th small cell to the m-th BS, and the first column of H m,
which is the channel impulse response and where L ch,m,(i,j) denotes the length of channel impulse response; z 1 and z 2 are noise components in the time domain. Besides, in UFMC systems, the time-domain transmitted signal s (i,j) is expressed as
where F (i,j) is the filter matrix of the j-th user in the i-th small cell, and is a Toeplitz matrix whose first col-
is the length of the filter; W (i,j) is the DFT matrix corresponding to the frequency subband of the j-th user in the i-th small cell, for example,
is the frequency-domain transmitted signal from the j-th user of the i-th small cell in the frequency domain, where K (i,j) is the number of the modulated subcarriers of the j-th user in the i-th small cell. Therefore, the received frequency-domain signal of the first BS corresponding to the subband of the k-th user in the first small cell is expressed as
where R (1,k) is the DFT transfer matrix for the k-th user of the first small cell at the receiver, for example, R (1, 1) = [W (2N )] 1:2N 1 ; r is the zero padding matrix [14] . The received frequency-domain signal of the second BS corresponding to the subband of the k-th user in the second small cell can be expressed in the same way as
For the sixth user of the first small cell, its received signal during the uplink transmission can be expressed as y (1, 6) 
H (1, 6) ,(1,j) D(ε (1, 6) , (1,j) , N (1,j) )s (1,j) + z (1, 6) (7) where the matrix H (1, 6) , (1,j) denotes the Toeplitz channel matrix from the j-th user of the first small cell to the sixth user of the first small cell; ε (l,j),(l,k) denotes the frequency offset between the k-th user of the l-th small cell and the j-th user of l-th small cell; z (1, 6) is the noise component. The frequency-domain signal is given by RclY (1, 6) = R (1, 5) r y (1, 6) .
(8)
III. INTERFERENCE MANAGEMENT SCHEMES FOR HETEROGENOUS SMALL-CELL NETWORKS
The frequency division multiple access is a straightforward method to mitigate the inter-cell and inner-cell interference.
Because the D2D user group is located in the first small cell, the D2D users can receive the signal from any other users of the first small cell during the uplink transmission, which will cause interference if the same spectrum is allocated to both the D2D group user and the regular user. Therefore, the spectrum is reallocated as shown in Figure. 3. It can be seen from Figure. 3 that the original subband 1 is divided into two subbands, that is, subband 1-1 and subband 1-2. Subband 1-1 is allocated to the first user of the first small cell, and subband 1-2 is allocated to the D2D user and the first user of the second small cell. In this interference cancellation scheme, the filter length of the 1-indexed users of two small cells and the D2D user is greater than that of other users. It is assumed that the filter length of subband 1-1 and subband 1-2 is L FIR 1 , and the filter length of other subbands is L FIR 2 . Define the equivalent channel matrixesH (l,k) l,(i,j) and H (1, 6) , (1,j) as
·D(ε l, (i,j) , N (i,j) )F (i,j) W H (i,j) , H (1, 6) ,(1,j) = R (1, 5) r H (1, 6) , (1,j) ·D(ε (1, 6) , (1,j) , N (1,j) )F (1,j) 
Therefore, the frequency-domain signal Y 1,(1,k) can be rewritten as (10) , shown at the bottom of this page, where = stands for definition. Note that in the spectrum allocation scheme, the users of the first small cell are allocated with different spectrum. In the ideal case,H (l,k) l,(i,j) = 0 for (i, j) = (l, k). However, due to frequency offsets,H
Based on (10), zero-forcing algorithm or minimum mean-square-error algorithm can be applied to detect the frequency-domain signal X (1,k) [25] .
Therefore, the achievable data rate of the k-th user of the first small cell is given by (11) , shown at the bottom of this page, where L FIR, (1,k) is the employed filter length of the k-th user in the first small cell; I is an identity matrix; A (1,k) is the whitening matrix, which makes the noise component Z 1,(1,k) white; σ 2 X ,(1,k) is the variance of each component of X (1,k) ; σ 2 n, (1,k) is the variance of the noise after whitening, and σ 2 n,(1,k) = 1.
The achievable data rate of the D2D user group and the users of the second small cell can be derived with the same principle.
B. THE PROPOSED PRECODEING BASED INTERFERENCE CANCELLATION SCHEME
The dynamic spectrum allocation scheme can mitigate both the inner-cell interference and inter-cell interference. However, the filter length of subband 1-1 and subband 1-2 increases, that is, the achievable data rate decreases. In this subsection, we propose a precoding based interference cancellation scheme. The spectrum allocation strategy is the same as that in Figure. n, (1,k) (bps/Hz)
signals of the first user in both cells are precoded in the frequency domain. After applying precoding, the first user of the first small cell and the first user of the second small cell are orthogonal, and the inter-cell interference will be omitted. Besides, to mitigate the interference from the first user of the first small cell to the D2D user group, the fifth user of the first small cell will also apply precoding. It is assumed that the subband 1 occupies the subcarriers from the first subcarrier to the N 1 -th subcarrier. In the UFMC system, only the even indexed subcarriers carry the useful information after 2N -point DFT at the receiver. Therefore, the new equivalent channel matrixes of the subband 1 are defined as follows
2,(2,1) (1 : 2 : end, :) G (1, 6) , (1, 1) =H (1, 6) ,(1,1) (1 : 2 : end, :) G (1, 6) , (1, 5) =H (1, 6) , (1, 5) (1 : 2 : end, :) (12) where B(1 : 2 : end, :) stands for extracting the even indexed rows of the matrix B.
The information vector and the precoding matrix of the j-th user in the l-th small cell are assumed to be S (l,j) and P (l,j) , respectively, that is, X (l,j) = P (l,j) S (l,j) (13) In the subband 1, the received signals of the first BS and the second BS is given by (1, 1) S (1,1) +G 1,(2,1) P (2,1) S (2, 1) + Z 1,subband1 Y 2,subband1 = G 2,(1,1) P (1, 1) S (1, 1) +G 2,(2,1) P (2, 1) S (2, 1) + Z 2,subband1 (14) where Z i,subband1 is the component that contains the noise and the interference from the users of other subbands.
To make sure that S (1, 1) and S (2, 1) can be detected without the interference from each other, P (1, 1) and P (2, 1) are designed such that in the BS, the received signal from its served users is orthogonal to the signal from the users of other cells. Therefore, we propose the following design criteria for the precoding matrix derivation.
1) The vector space of G 1,(2,1) P (2, 1) should be orthogonal to the vector space of G 1,(1,1) P (1, 1) . Therefore, the vector space of P (1, 1) and the vector space of (G 1,(1,1) ) H G 1,(2,1) P (2, 1) are orthogonal.
2) The vector space of G 2,(1,1) P (1, 1) should be orthogonal to the vector space of G 2,(2,1) P (2, 1) . We can derive that the vector space of P (1, 1) and the vector space of (G 2,(1,1) ) H G 2,(2,1) P (2, 1) are orthogonal. 3) Therefore, the vector space of (G 2,(1,1) ) H G 2,(2,1) P (2, 1) and the vector space of (G 1,(1,1) ) H G 1,(2,1) P (2, 1) are in the same space. Therefore, (1,1) ) H G 2,(2,1) P (2, 1) ≡ (G 1,(1,1) ) H G 1,(2,1) P (2, 1) .
4) It can be derived that (1,1) ) H G 2,(2,1) ) −1 ((G 1,(1,1) ) H G 1,(2,1) )
where eg{·} denotes the eigenvectors of a matrix, and G 2,orth is a N 1 × N 1 matrix. To make sure that the two users are orthogonal, each user will transmit N 1 /2 data streams. Therefore, P (2, 1) is formed by the N 1 /2 eigenvectors of G 2,orth . After that, the precoding matrix P (1, 1) can be derived based on G 1,(2,1) P (2,1) ⊥G 1,(1,1) P (1, 1) , such that S (1, 1) and S (2, 1) can be detected without the interference from each other. Remarks: there are N 1 eigenvectors of the matrix G 2,orth , and the size of the precoding matrix P (2, 1) is N 1 ×N 1 /2. There are two methods to determine the percoding matrix P (2, 1) . The first method is that randomly choose N 1 /2 vectors from the eigenvectors of the matrix G 2,orth , and assign the vectors to the columns of the precoding matrix P (2, 1) . The second method is that the precoding matrix P (2, 1) is designed such that P (2, 1) = arg max P (2, 1) {tr(P H (2,1) G H 1,(2,1) G 1,(2,1) P (2,1) )}. (17) where tr(·) stands for the trace of a matrix. After precoding, the received signal of the sixth user in the subband 1 during the uplink transmission can be written as Y (1, 6) ,subband1 = G (1, 6) ,(1,1) P (1, 1) S (1, 1) + G (1, 6) ,(1,5) P (1, 5) S (1, 5) + Z (1, 6) ,subband1 (18) where P (1, 5) is the precoding matrix of the fifth user in the first small cell, and Z (1, 6) ,subband1 is the component that contains the noise and the interference from the users of other subbands.
To mitigate the interference from the first user of the first small cell to the D2D group, it can be derived according to (18) that G (1, 6) ,(1,1) P (1, 1) ⊥G (1, 6) ,(1,5) P (1, 5) .
Therefore, the precoding matrix P (1, 5) satisfies that P (1, 5) ⊥G H (1,6), (1, 5) G (1, 6) ,(1,1) P (1, 1) 
that is, P (1, 5) is corresponding to the null space of G H (1,6), (1, 5) G (1, 6) ,(1,1) P (1, 1) . When the precoding based interference cancellation scheme is applied, the achievable data rate of different users can be derived with the same principle as that in (11) . Because L FIR 2 < L FIR 1 , the achievable data rate of the precoding scheme will be higher than that of the dynamic spectrum allocation scheme when the total number of modulated subcarriers are the same.
IV. PERFORMANCE EVALUATION
In the simulation, it is assumed that there are two small cells. In the first small cell, there are six users, where the fifth user and the sixth user are the D2D communication users. In the second small cell, there are four users. The size of inverse DFT (IDFT)/DFT is 128, that is, N = 128. The number of the modulated subcarriers is 80. The frequency offsets between different BSs and different users are different. On both sides of each subband, one protected subcarrier is inserted symmetrically. Some other parameters are given in Table 1 . Note that by employing the pre-calibration of the frequency offsets, the residual frequency offset between the BS and the served user is smaller than that between the BS and the interference users.
Firstly, OFDM based dynamic spectrum allocation scheme, UFMC based dynamic spectrum allocation scheme, and UFMC based precoding scheme over additive white Gaussian noise (AWGN) channel are evaluated. In the dynamic spectrum allocation scheme, the number of the modulated subcarriers of subband 1-1 or subband 1-2 is 10, and the number of the subcarriers of other subbands is 20. Figure. 4 shows the bit-error rate (BER) of the three schemes when the all the frequency offsets are zero. Signal to noise ratio (SNR) is defined according to the transmit power. Zero-forcing receive algorithm is employed in the UFMC based schemes. It can be concluded from Figure. 4 that the OFDM based dynamic spectrum allocation scheme achieves the best BER performance, which means that when there is no frequency offset, the filter employed in the UFMC will degrade the system performance. Besides, the BER performance of the UFMC based precoding scheme is better than that of the UFMC based dynamic spectrum allocation scheme.
The BER performances of the three schemes over AWGN channel with the frequency offsets given in Table 1 are shown in Figure. 5. It can be seen from Figure. 5 that the OFDM based dynamic spectrum allocation scheme is greatly affected by the frequency offset, and there is an error floor of the second user's and the fifth user's BER. In this case, the proposed UFMC based precoding scheme achieves the best overall BER performance, and there is no error floor in the simulated region.
In the following simulations, multipath Rayleigh fading channel is considered. The length of the multipath Rayleigh channel taps is six, and the channel is normalized as n |h l,(i,j) (n)| 2 = 1. In Figure. 6, all the frequency offsets are assumed to be zero. It can be seen from Figure. 6 that the OFDM based dynamic spectrum allocation scheme achieves the best performance, but the performance gap between the OFDM based scheme and the UFMC based scheme becomes small when compared with the gap in the AWGN channel. Figure. 7 shows the BER of the three schemes over the multipath Rayleigh fading channel when the frequency offset is taken into account. It can be seen from Figure. 7 that the overall BER performance of the proposed UFMC based precoding is better than that of other two schemes, and the UFMC based dynamic spectrum allocation scheme achieves better BER performance than the OFDM based dynamic spectrum allocation scheme.
The achievable data rates of the UFMC based dynamic spectrum allocation scheme and the UFMC based precoding scheme over the multipath Rayleigh fading channel are plotted in Figure. 8, where the frequency offsets are considered. It can be seen from Figure. 8 that the achievable date rate of the UFMC based precoding scheme is higher than that of the UFMC based dynamic spectrum allocation scheme, which is coincided with the analysis that the longer filter length employed in the subband 1-1 and subband 1-2 of the UFMC based dynamic spectrum allocation scheme degrades the achievable data rate.
V. CONCLUSION
This paper proposed two UFMC based interference cancellation schemes for the heterogeneous small-cell networks, where both the inner-cell interference and the inter-cell interference exist. The first proposed scheme is the UFMC based dynamic spectrum allocation scheme, and the second scheme is the UFMC based precoding scheme. Compared with the OFDM based scheme, the proposed UFMC based schemes can efficiently reduce the effect of frequency offsets and mitigate the interference. The proposed UFMC based precoding scheme achieves better BER performance than the UFMC based dynamic spectrum allocation scheme. Besides, the achievable data rate of the UFMC based precoding scheme is higher than that of the UFMC based dynamic spectrum allocation scheme.
